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Abstract

This article describes a temperature- and photo-induced phase transition in rubidium manganese hexacyanoferrate, Rafiin[Fe(CN)
This compound displays a drop in the magnetic susceptibility at 225TK(F¥ and an abrupt increase in the magnetic susceptibility at
300K (=Ty;) in the cooling and warming processes, respectively. This phase transition is accompanied by a structural change from cubic
(F43m) to tetragonal {4m2). The high-temperature (HT) and low-temperature (LT) phases are composeti(@f)—NC—Fe" (S= 1) and
Mn" (S=2)-NC—Fé€' (S=0), respectively. A metal-to-metal charge transfer fromi rFe" and a Jahn—Teller distortion of the producedMn
ion cause this phenomenon. The magnetic transition entropy and enthalpy of the LT phase indicate that this phase shows a three-dimensior
Heisenberg-type ferromagnetic lattice for the'l\Visites with aT; of 11.0 K, which is due to a valence delocalization mechanism. Ferromagnetic
magnetization of LT phase in Re:Mn; os[Fe(CN)]-0.6H,0 is reduced by irradiation with only one-shot of laser pulse and the quantum yield
is above one and reaches 4.5. This photomagnetic effect is caused by a photo-induced phase transition from the LT phase to the HT phase
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Successively, Girolami et al. and Miller et al. reported
crystalline KV'"'[Cr''(CN)s] with T,=103°C and amor-
Studies that are related to a thermal phase transition andphous K, ,-oV"" [C''' (CN)6]0.76(SO4)0.0560.93H0 with
a photo-induced phase transition are extensively investigatedT, = 99°C powder, respectivel@4,45] In multi-metal Prus-
in solid-state chemistrji—4]. Thermal phase transition phe-  sian blue analogs, the rational design of magnets based on the
nomena are observed in spin crossover or intramolecular elecmolecular-field theory is possible for the following reasons:
tron transfer. In a spin crossover complex, a transition metal (1) metal substitutions induce only small changesinthe lattice
ion can be in either the low-spin or the high-spin state de- constant and (2) superexchange interactions are only essen-
pending on the strength of the ligand field. When the thermal tially effective between the nearest neighbor metal [d6$.
energy is close to the exchange energy that corresponds to th&or example, we have designed a novel type of magnet that
crossover, a spin transition occurs between the two spin statesexhibits two compensation temperatures with the system of
This phenomenon is observed in octahedral coordinate iron(Nig ,,Mn{l s,Fel 10)15[Cr'"' (CN)g]-7.5H,0, i.e., the sponta-

transition metal complexes, e.qg., [RBICX)2(phen}] (X=S neous magnetization changes sign twice as the temperature is
or Se; phen =1,10-phenanthrolirg] and [Fé (2-pic)s]X 2 varied[49]. In this review, we show the temperature-induced
(2-pic = 2-aminomethylpyridine; X=CI, Br, I}6]. Charge-  phase transition and photo-induced demagnetization of fer-

transfer phase transitions have been observed in mixed-romagnetic RbMn[Fe(CN] complex.

valence complexef/—20], e.g., [M">,M"O(0,CoH3)6l 3]

(M=Fe, Mn; L=H0, pyridine) [13-15] and M(dta)l

(M=Ni, Pt; dta=dithioacetato)19,20] Charge-transfer 2. Preparation

phase transitions that accompany spin crossovers have also

been reported, e.g., Co(@¥)(3,6-DBQ) (X=0, S, Se) Rubidium manganese hexacyanoferrate was prepared by
[21] and Na 4Coj 3[Fe(CN)]-4.9H0 [22,23] A thermal reacting an aqueous solution (0.1 mold of MnCl,
phase transition often accompanies a thermal hysteresisyith a mixed aqueous solution of RbCI (1 mold#) and
loop [21-23] which is related to the cooperativity of the Ks[Fe(CN)] (0.1 moldnT2) to yield a precipitate. The pre-
corresponding system. The cooperativity in a metal com- cipitate was filtered, dried, and yielded a powdered sam-
plex assembly is due to the interaction between a metalple. The prepared compound was a light brown powder
ion and lattice strain, e.g., an electron—phonon coupling and elemental analyses for Rb, Mn, and Fe indicated that
[24], a Jahn-Teller distortiofi25-27] and an elastic in-  the precipitate obtained had a formula of RoMn[Fe(g]N)
teraction[28-31] Cyano-bridged metal assemblies such as (Calcd.: Rb, 24.26; Mn, 15.59; Fe, 15.85%; Found: Rb, 24.25;
hexacyanometalat§4,32—64]and octacyanometalate-based Mn, 15.95; Fe, 15.35%). The 1:1:1 ratio of Rb:Mn:Fe al-
magnetg64—76]are suitable for observing a thermal phase lowed the Mn ions to coordinate six cyanonitrogens. Con-
transition since they are mixed-valence compounds that havesequently the network does not contain water molecules

a strong cooperativity due to the CN ligand bridges. as shown inFig. 1 Scanning electron microscope images
Photo-induced phase transition effects have been alsoshowed that the powdered obtained sample was composed

extensively studied in a variety of systeni80-63,70— of cubic microcrystals that were 2441.1pum. For the study

72,77-83] e.g., cyanometalate-based magn¢H—63, of photo-induced phase transition, the sample was prepared

70-72,77,78] organic-based magnef89], spin crossover by reacting an aqueous solution (0.1 moldiof MnCl
complexes[80,81] and diluted magnetic semiconductors with a mixed aqueous solution of RbCI (0.5mold#)
[82]. Various theoretical analyses of photo-induced phase
transitions have also been repor{86,84—87] To date, we
have demonstrated photomagnetic effects such as photo- A
induced magnetization and the photo-induced magnetic Mn" R’/ 8
pole inversion, with cyano-briged bimetallic assemblies ? . -
[60-62,70—-72] One possible method for achieving optical

control of magnetization is to change the electron spin state
of a magnetic material. For example, if photo-irradiation M O ;
varies the oxidation numbers of transition metal ions within a 4
magnetic material, its magnetization will be controlled. The
bistability of the electronic states is also indispensable for Rb'
observing photo-induced persistent magnetization since the
energy barrier between these bistable states can maintain the
photo-produced state even after photo-irradiation is stopped.

From this viewpoint, Prussian blue analogs are an a
attrac'uv_e system due to their high. values [37,42] Fig. 1. Schematic structure of Rén' [F€'! (CN)s]. Large gray circle is Rb
In particular, Verdaguer and co-workers reported that ion, middle black circle is M ion, middle white circle is P& ion, small
v [Crm (CN)]o.86:2.8H0 exhibits arl¢ value of 315 K[40]. white circle is C atom, and small gray circle is N atom.
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and Kz[Fe(CN)] (0.1 moldnt3). Elemental analyses for 1.0

Rb, Mn, and Fe showed that the formula for the pre-

cipitate used in the photo-induced phase transition study = a8

was R 91Mn; o5[Fe(CN)6}0.6H,O: Calcd.: Rb, 21.63; Mn, 8 ol

16.09; Fe, 15.62%; Found: Rb, 21.18; Mn, 16.12; Fe, 15.24%. g -
2

3. Temperature-induced phase transition 0.21

3.1. Phase transition in magnetic susceptibility L e oopgi o m—— o—

) ) Wavenumber (cm’™)
Fig. 2 shows the product of the molar magnetic sus-

ceptibility (xm) and the temperaturél( versusT plots of Fig. 3. Temperature dependence of the CN stretching frequencies in the IR
RbMn[Fe(CN}]. The xmT value in the high-temperature  spectra with decreasing temperature.

(HT) phase is 4.67 cARK mol~1 at 330K, but cooling the

sample at a cooling rate of 0.5 K mih decreases thgyT in K}[Fe'' (CN)]. The shift of the Mn 2py, binding energy
value around 235K and at= 180K in the low-temperature  from the HT to the LT phases suggests that the oxidation
(LT) phase reaches 3.19 &K mol~*. Conversely, as the  number of the Mn ion increases from Ii to Ill.

sample in the LT phase is warmed at a heating rate of  The infrared (IR) spectra are recorded over a temperature
0.5Kmin~*, the xu T value suddenly increases near 285K  range between 300 and 10/Kig. 3shows the CN stretching

and reaches the HT phase value at 325 K. The transition tem-frequencies at 300, 240, 220, 200, and 10 K. At 300 K, a sharp
peratures fromHT to LTTy/2;) and fromLTtoHT T2 )are  CN- peak is observed at 2152 cylinewidth =9 cn 1) and
225and 300K, respectively, and the width of the thermal hys- a5 the temperature decreases, the intensity of this peak de-
teresis l00p AT=Ty/21 —Tyjz}) is 75 K. This temperature-  creases. Near 220 K a new broad peak appears at 2095 cm

induced phase transition is repeatedly observed. (linewidth = 65 cn1). These IR changes are in the same tem-
perature range of the phase transition ingfy@—T plots. The

3.2. Electronic states of high-temperature phase and CN stretching peak at 2152 crhin the HT phase is due to the

low-temperature phase CN ligand bridged to P& and Mr' ions (F&' —CN-Mn'").

In contrast, the broad CN stretching peak at 2095tin
X-ray photoelectron spectroscopy (XPS) spectra of the LT phase is assigned to the CN ligand bridged tbde
KL[FE"(CN)g], K4[F€'(CN)g] and the HT and LT phases  Mn'" ions (Fd'—CN—-Mn'!).
were measured. In the HT phase, the Fg2and Mn 2p/2 These XPS and IR spectra show that valence states
electron binding energies are 710.1 and 641.8eV, respecfor Mn and Fe ions in the HT phase are Md®) and
tively, and in the LT phase, the Fe gpand Mn 2py, elec- Fe'' (d®), respectively, and those in the LT phase aré'\uif')
tron binding energies are 708.8 and 642.5eV, respectively.and Féd (d°), respectively. The drop in themT value at
The observed Fe 2p electron binding energy of 710.1eV Ty, implies that the electronic states of the HT and
in the HT phase corresponds to that of 710.0eV fof' Fe | T phases are Mhd®; S= 5)-NC-Fé''(¢® s=3) and
in K'3[Fe'”. (CNJg]. In contrast, Fe 2g binding energy of = \nill (4. 5= 2) NC-Fd! (dF; S=0), respectively. These as-
708.8eV in the LT phase is close to that of 709.1 eV fdt Fe signments are confirmed by Mn and Fe 3p—1s X-ray emission
spectroscopf88] and 1s X-ray absorption spectrosc$®9].

5.5
5.0 3.3. Structural change
F‘E 3 7 ? Fig. 4 shows the powder X-ray diffraction (XRD) pat-
¥ 4ol i terns as the temperature decreased from 300, 250, 240, 230,
E f(ii) 220, 210, 200, 180, to 160 K. The diffraction pattern of the
L; 3.5 1 HT phase is consistent with a face-centered cubié3n)
. e A structure with a lattice constant of 10.583at 300K). As
&0 the sample is cooled, the XRD peaks of the HT phase de-
25 . . . crease and different peaks appear. The observed XRD pat-
150 200 250 300 tern in the LT phase shows a tetragonal structuré4at2
THReA (<l with a=b=7.090A andc=10.520A (at 160 K), which cor-

Fig. 2. The observegy T-T plots in the cooling (i) and warming (ii) pro- responds t@=b=10.026A andc=10.520 in a cubic lat-

. . o 3 . .
cesses with the first measuremef)( second measuremeitt, and third tice. The unit cell volume of _116@ in the HT phase is
measurement). reduced about 10% to 10%% in the LT phase and warm-
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Fig. 6. UV-vis absorption spectra of the LT (solid line) and HT (dashed
= 120k line) phases.
— T ! e 160 K
° | &0 (®°B1g— °A1g) are due to Jahn-Teller distorted Mfi90—95]
13m2 and the broad absorption around 700 nm is from the metal-

to-metal charge transfer band (intervalence transfer band) in
the mixed-valence compound.
Fig. 4. Temperature dependences of XRD spectra. Black and gray peaksare  The molar heat capacit)q)) of this compound between
the diffraction peaks of the HT and LT phases, respectively. The light gray 2 :

) g and 320K was measuredi¢. 7) and as the tempera-
peak is the overlapped peak from the HT and LT phases (* indicates Cu from . .
the sample holder). ture increases, the heat capacity shows an anomz?\!ous peak

in the temperature range of 290-300K. A transition en-

ing caused the tetragonal structure to return to the cubic onethalpy (AH) of 1.7 kI mot! and a transition entropyAS)

This structural change from cubic to tetragonal in the XRD of 6K~ mol~1 in this phase transition were obtained by
measurement is understood by the'idahn-Teller trans-  eliminating the normal heat capacity of the LT phase.
formation of the tetragonally octahedral elongation-typgy(B

oscillator mode]90-95] Synchrotron radiation X-ray pow-  3.4. Mechanism

der structural analysis was used to determine the precise bond

lengths of the LT phase, i.e., two-long and four-short-+n Prussian blue analogs are class Il mixed-valence
bond distances are 2.26(2) and 1.8Hg3Jespectively, and  compounds. This system is described by two parabolic
the two-short and four-long F€ bond distances are 1.89(2) potential-energy curves due to valence isomers in the nuclear
and 2.00(3R, respectively{96]. Thus, the d-orbital symme-  coordinates of the coupled vibrational mofd@e-12,16—18]

(220)
(312)—-
(400)

(101)

try of both metal ions in the LT phase Bun (&g, big, bog. ~ When these two vibronic states interact, the ground state
and g). Therefore, the precise electronic state of LT phase is surface has two minima in the vibrational coordinates.
Mn'" (eb3at; S=2)-NC—Fe (b34ef; S=0) (Fig. 5. In the present system, the MrFé' vibronic state is

Fig. 6 shows the UV-vis absorption spectra of the HT a ground state af=0K in the vibrational coordinates
and LT phases. In the HT phase, the absorption bands argmixed-valency mode) (black curve Fig. 8a)). Moreover,
approximately 410, 520, and 680 nm, while the band absorp-in this situation, MH' causes Jahn—Teller distortion, and
tions in LT phase are 540, 700, and 1100 nm. The visible then the energy of the Mh—-Fé' has two minima described
absorption spectra can be explained based on the assigned

electronic states of the HT and LT phases. Absorptions near
410 and 520 nm in the HT phase are due to a ligand-to-metal HiR 8
charge transfer of [F&(CN)g] and d—d transition of H& °
(®T2g— 4T1g), respectively{97]. In the LT phase, the ab- -~ 3001 o%:%
sorptions around 540 nn¥B14— °Bag, °Eg) and 1100 nm E -
" 200/
Electron transfer ?;
LT phase: Tetragonal Jahn-+Te||er HT phase: Cubic -
MnHS  Fells distortion on Mn(ll) MAHS  Fellls 1001
3, = NC- — by
529 - "::" R —— 0

0 50 100 150 200 250 300
Temperature (K)

s=2 s=0'=

Fig. 5. Electronic states of the LT and HT phases. Fig. 7. Cp vs. T plots with increasing temperature.
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Fig. 9. Temperature dependence of the free energy for the HT (dotted

line) and LT (solid line) phases based on Et) with AH=4.3kJmot?,

St =13.4, andSyr =29.8 JK 1 mol1.

T=263 K
(= T!ransil)

Since the LT phase has a 5-fold (x5l) degener-
acy and the HT phase has a 36-fold (<6) degener-
acy, their entropies§t and Syr) are ST=RIn5 and
St =RINn 36, respectively. Thus, theSin this phase transi-
tion is RIn(36/5) = 16.4 JK1 mol~1. From Eq.(1) the tran-
sition temperatureTiransiy) Of the phase transition can be
obtained byAH/AS. In this system,Tyansit is defined as
Tiransit= (T1/2), + T1/24)/2 =263 K. UsingTyansit= 263 K and
AS=16.4JKmol™1, AH value of 4.3kJmot! is ob-
[M ot tained.Fig. 9 shows the calculated temperature dependence

Free energy

Temperature

T=400K of Gt andGyt based on Eq(1) with AS=16.4 JK 1 mol2

andAH=4.3kJmot L. G, andGxt change as the temper-
ature increases and a phase transition occufg kit In
High addition, Fig. 8b) and (c) show the surfaces &t and
Gyt in the vibrational (mixed-valency mode) and configu-
rational coordinates (Jahn—Teller mode) at each temperature.
&% Heat capacity measurements sha®=6JK 1 mol~! and
AH=1.7kJmof!. These experimental values are smaller
than the theoretical values, which may be due to a small or-
bital contribution to the entropy of tein the HT phase.
Fig. 8. The schematic free energy surfaces of this system in mixed-valence 1N€ extended X-ray absorption fine structure data of the
(black curve) and Jahn—Teller (gray curve) modes: (a) the ground state is HT phase shows a small distortion in the octahedral co-
Mn'"'—F€' and the meta-stable state is MnFe!' atT=0K, (b) T=263K ordinates of metal ions, which is due to a small contri-
(=T|t|r|ansit)y|(c) the ground state is Mﬁ—Fé" and meta-stable state is  pytion from the LT phasd89]. In this situation,Zng of
Mn —Fg‘ a_1tT=400 K. Each curve is calculated based on #g. Gray Ed! is reduced tOZBzg, and thenAS and AH are Changed
spheres indicate population.
to RIn(12/5)=7.28JK1mol~1 and 1.9kJmot!, respec-

in the configurational coordinates (Jahn—Teller mode) (gray tively, which is close to the experimental values.

curve inFig. §a)). In the present system, Mnion shows

an elongation-type Jahn-Teller distortion. These potential

surfaces change as the temperature increases, which causké Ferromagnetism of the low-temperature phase

a phase transition. To explain the obtained results, the free

energy changes of the HT and LT phases are analyzed. The#.1. Magnetic ordering and specific heat

LT and HT phases consist BynMn!"' (°B1g)-DanFe' (*A1g)

and OpMn' (BA19)-OnFe! (2T, respectively. The en- As the LT phase is cqole_d to a very onv temperature un-
tropies due to the spin-multiplicities lead to a crossover der an external magnetic field of 10 G, it exhibits sponta-
from LT to HT phases with increasing temperature. The free N€OUS magnetization with a Curie temperatdig 6f 11.3K
energies of the LT phas&(t) and HT phaseGy) depend (Fig. 10. The magnetization as a function of the external

on the temperature as described in the following equation: Magnetic field at 3K indicates that the saturated magnetiza-
tion (Mg) value is 3.6ug (Fig. 11(a)) and the coercive field

Gi=H; - ST (i=LT, HT) (1) (Hc) value is 1050 GFig. 11(b)). Theyy,'~Tplots of the para-

Dy
Mn".Fe"

Free energy

Vig,
rag,
(mj,'on,
Xeq., o ¢ 20™ ot
? loncy gy, (% 7

() odgy 09" W&
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15004
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Magnetization (G cm® mol™)

Temperature (K)

Fig. 10. Magnetization vs. temperature plots of the LT phase by SQUID
measurement®) field-cooled magnetization (FCM) By =10 G, (dJ) zero
field-cooled magnetization (ZFCM) 8y =10 G, and (O) remnant magne-
tization (REM) data for RiMn'"' [Fe' (CN)g].
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E‘? 3 0 ©
[ =
o
52
@
| =
o
@
= 1
0+ v T r v
0 20 40 60 80
(a) Magnetic field (kG)
3
—~ 21
m
e
§ M
T
= 0
[0}
| =4
g .1
=
_2_
1°°
-15 10 -5 0 5 10 15

300

200
Temperature (K)
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Fig. 11. (a) Magnetization vs. external magnetic field plots of the LT phase
at 3K. (b) Magnetic hysteresis loop of the LT phase at 3K. (c) The observed
ml—T plots. The data between 150 and 270 K is fitted to Curie—Weiss plots
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magnetic LT phase show positive Weiss temperatués (
between 12 and 15K, which are obtained by extrapolating
the data in the temperature region of 30-270 and 150-270K,
respectively Fig. 11(c)).

The Cp value in low temperature region gradually
increases with temperature and reaches a maximum,
27.1JK1tmol ! at 11.0K (denoted here &), as shown
in Fig. 12 Then it drops suddenly to 17.5 JKmol~%, and
increases gradually. The dependence of@h®&alues on the
external magnetic field is shown #fig. 13 where theT,
peaks shift to a higher temperature as the external magnetic
fieldincreaseslp=11.0KBp=0T),11.0K(0.05T),11.2K

40 r
Ts
304 l
£
) o
% 20
&
104
o e
0 5 10 15 20 25 80

Temperature (K)

Fig. 12. Plots oCp vs.Tin a zero external magnetic field?Y) experimental
and (—) derivedCiy; curve based on E@R3).

40

@
o

Gp (UK mal™)
n
e

104

10 15 20 25
Temperan:.ure (K)

14

12
Temperature (K)

10 16

Fig. 13. (a) Plots o, vs. T in the presence of an external magnetic field,
Bo; (b) enlarged plots of (a).
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(0.10T), 11.3K (0.20T), 11.4K (0.30T), 11.5K (0.50T),
11.9K (1.00T), 13.8K (2.00T), and 15.2K (3.00 T).

4.2. Entropy and enthalpy of magnetic phase transition

Since RbMn[Fe(CNg] is an insulating magnetic system,
the C, value is described as a sum of the contributions from
lattice vibration,Cj;, short-range magnetic orderinGsnors
and long-range magnetic orderir@eng:

Cp = Clat + Cshort+ Clong (2)

Ciat is described by a polynomial function of temperature
with odd powerg98,99}

Clat = aT3 + bT° + T +dT° +eT 1 + ... A3)

and Csport is described byAT~2 [100]. We fitted theC,
data in the region between 15K (=Ix4T;) and 30K
(=2.7x T¢) by the contributions 0ofCigt+ Cgshor, USING
analyses reported in other systerfi01,102] The de-
rived coefficients, including the estimated uncertainties
(£7.4%) from the experimentH7.0%) and curve fitting
(£2.3%), are as followsa=8.08x 10 3JK*mol~1, b=
—2.10x 10 5JK®mol~t, ¢=2.56x 10 8JK8mol 1,
d=-1.18x 10711 JK"mol1, and A=1130JKmot™.
The solid line inFig. 13shows theCi4; curve. The magnetic

specific heatCmag= Cshort* Ciong, iS 0btained by subtracting
Ciat from Cp, as shown irFig. 14 The magnetic transition
entropy,ASnag and enthalpyAHmag can be obtained from

T
0
and
T
AHmag = /0 Cmang (5)

The estimated values 0fASnag and AHmag for
Ro'Mn"'[Fe'(CN)s] are 11.8£0.9JK Imol~! and
125+ 9 J mol 1, respectively.

25

201 .’

Crnag (WK " mol™)

0 e f® Asmag—lowar Asmng-upper
0 5 10 15 20 2530
Temperature (K)

Fig. 14. Plots 0fCmagVs. logT.
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4.3. Type of long-range magnetic ordering and
exchange coupling

Since theT, value of 11.0K agrees with th&. value
of 11.3K derived from a SQUID measurement, the anoma-
lous peak aflp can be ascribed to a magnetic phase tran-
sition. The ASnag value of 11.8£0.9JK 1 mol~1 is close
to the value calculated for the ordering of magnetic spins
on the MA'" (S=2) sites for RBMn'""' [F€'' (CN)g] given by
RIn(2S+ 1) =13.4 JK 1 mol~1, whereRis the gas constant.
Thus, the origin of this magnetic phase transition is attributed
to the long-range magnetic ordering of the 'isites.

The temperature dispersion 8fSnag allows the dimen-
sionality of magnetic ordering to be determined, i.e., two-
or three-dimensional (2D or 3D) magnetic lattice. When the
value of ASnaqis divided into two terms, such as the mag-
netic entropy values beloWp, (ASnag-lowe) and aboveTy
(ASmag-uppe}, the ratio of ASnag-lowef ASmag for the mag-
netic lattices of the 3D Ising, 2D Ising, and 3D Heisenberg
types are 81, 44, and 62%, respectivll®3]. The ratio of
ASnag-lowef ASmagin the present system is 65(3)%ig. 14).
Therefore, in this framework the magnetic ordering of the
LT phase is most likely 3D Heisenberg-type magnetic or-
dering. Note that magnetic anisotropy should appear in this
system since the crystal structure of the LT phase is tetragonal
instead of cubic. This magnetic anisotropy may slightly in-
fluence the comparison between the observed vala®&b86
and the theoretical value of 62%.

Analyzing Cmag at very low temperatures using the spin-
wave theory can determine if the long-range magnetic order-
ing of a target material is ferromagnetic or antiferromagnetic.
The specific heat due to the spin-wave excitat@gy, is ex-
pressed by104]:
Csw= aT" (6)
whered stands for the dimensionality of the magnetic lattice
andnthe exponentinthe dispersion relationshmg:1 for an-
tiferromagnets and= 2 for ferromagnets. We fitted ti@&nag
values in the region between 2.8 and 4.7 K to @Y(Fig. 15

2 3 4 5 6 7 8
Temperature (K)
Fig. 15. Experimental plots @mag (O) and theCsy curve (—) calculated

from the spin-wave theory for a 3D ferromagnet using@ywith d/n=1.51
anda=0.17 JK>2mol1,
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and the estimated the parametedbfis 1.51(11). Thigl/n theory as

value is consistent with that predicted for the magnetic or-

dering of the LT phase, i.e., the 3D ferromagnet, witbr& c = Z (W’O |H| yi) (Y1 | H] wi)) 9)

andn=2. The observed shifts in ti&g values of the in-field S5\ (E1— Eo)(Ei — Eo)

Cpdata, 11.0K (0 T)}» 15.2K (3.00 T) displayed ifrig. 13

which also suggest ferromagnetic character. Since the shiftinwhereyro, ¥r1, 2, andyr are the ground (pure Mh—Fel')

T, to higher temperatures is characteristic of ferromagnetic state and the charge-transfer configurations df-FeMn'"!,

transitiong/105], the trend of the in-fiele, values observed ~ Fe' — CN, and CN— Mn'", respectively, and, — E3 are

in the present study gives direct evidence that the magnetictheir energies. Mixing these excited charge-transfer con-

ordering of the LT phase is ferromagnetic. figurations with the ground state causes the ferromag-
Although diamagnetic Feis bridged to MA' in an al- netic exchange coupling. Thd value of ~+0.5cnT?!

ternating fashion, this system shows a 3D Heisenberg-typein the present system is three times larger than that of

ferromagnetic ordering. The exchange coupling constant, +0.15cnT? in Prussian blue. This largé value means

of this ferromagnet can be evaluated in the following manner. that RBMn'"' [Fe!' (CN)g] has a largec value. Namely, the

Thea value derived from Eq(6) is related to the value. In electrons on the Hesite are delocalized to the Nih

Csw for a 3D ferromagnet, the coefficieatis described by site.

[106];

5. Photo-induced phase transition

3/2
_ 1 5RC(5/2)F(5/2)</€B) @)

V2 162532 J 5.1. One-shot-laser-pulse-induced demagnetization
whereg is the Riemann’s zeta functiom, the Euler's gamma
function, andkg the Boltzmann constant. Since thesalue
obtained from Eq(6)is 0.17(1) J K>2mol~1, the estimated
Jvalue based on Eq7) is +0.55(4) cn! AHmagis also re-
lated to theJd value in an extension of the molecular-field
theory. In this treatment\Hmag due to long-range magnetic
ordering is expressed by

The photomagnetic effect of the LT phase was investigated
with Rbp.91Mn1 o Fe(CN)6}0.6H,O using SQUID magne-
tometer. The powder was spread on a commercial transparent
adhesive tape and the sample was mounted on the straw of
the sample rod. A pulsed N& YAG laser ¢ = 355, 532, and
1064 nm; pulse width: 6 ns) was guided by an optical fiber
into the SQUID magnetometer. When the sample was irradi-
AHmag §277 ated by one-shot-laser-pulse with 532-nm laser light at 3K,
—_— = (8) the magnetization decreasé&dy. 16a) and (b), respectively,

R ke show the time- and temperature-dependences of magnetiza-
i rradi it = 2 1
where the number of neighboring magnetic si®ss 6 in tion for a sample irradiated witR=130mJcm“pulse™.
the present system. The estimaledlue from Eq(8), using The photo-conversion increases with the laser power density
AHmag: 125+9] morl is +O44(3) le' (P), e.g., 7.7% IPZ 97), 15% P: 15), 54% P=43), and

88% (P=130mJcm?pulsel). As shown in Fig. 17,

a threshold in the laser power densityy is observed
4.4. Mechanism when theP value is above 9.3mJcmpulse! and the

magnetization value is reduced, however, in the case of

The application of the superexchange interaction mech- P <Py, the magnetization value did not change. The quan-

anism to the present ferromagnetic ordering is difficult tum yields ) for the present photodemagnetization are
since the diamagnetic Fesites are connected by para- above one, e.gp=2.8 P=9.7),#=3.6 P=15), »=4.5
magnetic MH' sites. One plausible mechanism is the (P=43), and®=2.4 P=130mJcm?pulse ). Annealing
valence delocalization mechanism, in which ferromag- (3K — 150K— 3 K) with a relaxation temperature of 120 K
netic coupling arises from the charge-transfer configuration returned the irradiated sample to the LT phase. In contrast,
[107]. Mayoh and Day explained the ferromagnetism of when the sample is irradiated with a laser pulse of 355 or
Fe''[Fe' (CN)s]o.75:3.5H0 by the ferromagnetic exchange 1064 nm, the photodemagnetization values are very small
interaction based on a partial delocalization of the electrons as shown irFig. 17@a). In addition, the threshold excitation
that occupy the F*btzg orbitals next to the neighboring high-  powers differed among the excitation lightSid. 17b)).
spin F¢' sites[107]. Since F&' in Prussian blue is replaced The Py, values at 355 and 1064 nm are 3.9 and 6.1 times as
with Mn"""| the same mechanism is feasible in our system. the Py, value at 532 nm, respectively, when their absorptions
In fact, an intense intervalence transfer (IT) band of the LT are equivalent. These differences indicate that the observed
phase has been observed at 700 nm and in the IT band obne-shot-laser-induced demagnetization phenomenon is
Prussian blue. In the valence delocalization mechanism, thenot due to photo-thermal reaction, but thhotochemical
T¢ value is related to the valence delocalization coefficient of reactionvia the photo-excited state. The optical absorption
casT. « c¢*. Thecvalue is given by second-order perturbation spectra indicate that the photo-excited state will be an
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Fig. 16. (a) Magnetization vs. time plots for RAMnN; os[Fe(CN)]-
0.6H,0 at 3K in the field oH =200 G before()) and after one-shot-laser-
pulse irradiation (532 nm, 130 mJ cfpulse!) (@). (b) Magnetization vs.
temperature plots &t = 200 G before(D) and after the one-shot-laser-pulse
irradiation @) and thermal treatmert{). Magnetic measurement sequence;
20K— O — 3K (one-shot-laser-pulseirradiation) ® — 150 K (thermal

treatment)> [0 — 3K.

excited mixed-valence state betweenF&€N-Mn'"" and

the Fé!' —CN—Mn".

Fig. 18 shows the IR spectra before and after one-shot-
laser-pulse irradiation (532 nr®,=14 mJ cn? pulse™!) at
8 K. After irradiation, the F —CN—Mn!! peak at 2095 cmt

9.3 mJ cm? pulse™
.~ 4000
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Fig. 17. (a) Laser power densitipdependences of the one-shot-laser-pulse
induced photodemagnetization phenomenon with irradiation of thelBp5 (
532 (@) and 1064 nm({J) atH =200 G. (b) Enlarged plots of (a).
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Fig. 18. IR spectra for RjpiMnj os[Fe(CN)]-0.6H,O at 8K before
(--+) and after (—) one-shot-laser-pulse irradiation at 532nm with
14 mJcn? pulse L. HT phase at room temperature {}.

disappears and a sharp peak due to tHé-FeN-Mn'! peak

at 2152 cn! simultaneously appears. Note that, in the case
of P<Py, the irradiation does not change the IR spectra.
An annealing treatment (8 150 K— 8 K) with a relax-
ation temperature of 120K returned the IR spectrum of the
irradiated sample to the LT phase. From these results, we
conclude that the present photo-demagnetization is caused
by the photo-induced phase transition from the LT phase to
the HT phase.

5.2. Mechanism

Rubidium manganese hexacyanoferrate exhibits a
temperature-induced phase transition between the LT and
HT phases. In such a material with a bistability, a ground
state can be converted to a hidden substable state by the
irradiation. Nasu et al. showed a simple scheme for a
photo-induced phase transition using the adiabatic potential
energy vs. order parametetig. 19 [84,85] In this scheme,
the ground state is excited to the Franck—Condon state
by irradiation. This Franck—Condon state proceeds to a
hidden substable state through a structural change state or
relaxes to the ground state. In our case, irradiating with
pulsed-laser light excites the LT phase to a mixed-valence
state between the He-CN-Mn'" and the F& —CN-Mn""
states. This mixed-valence state proceeds to the HT phase
or relaxes to the initial LT phase. The produced HT phase
can be maintained in the low temperature range since it
is sufficiently separated from the LT phase by the thermal
energy AG). In addition, when thd® value is larger than
Pw, the excited state proceeds to the photo-produced HT
phase as shown by the solid arrowhkig. 19 In contrast,
when P <Py, the excited state relaxes to the ground state
as shown by the dotted arrow Fig. 19 This threshold
behavior in the photo-induced phase transition is observed
in tetrathiafuluvalengs-chloranil system. The mechanism
of this system is understood by the bistable electronic model
proposed by Koshino and Ogawd08]. The observed
threshold behavior in the present system is explained by a
similar mechanism.
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Excited mixed-valence
state

Frank-Condon state

\P>Pth
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state
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Fe(lll)-CN-Mn(ll)
LT phase S=12 S§=5/2
Fe(Il)-CN-Mn(lll)
5=0 S=2

Order parameter

Fig. 19. Schematic illustration of the one-shot-laser-pulse-induced phase

transition from the stable Be—CN—Mn" phase to the hidden substable
Fe''—CN—Mn' phase.

6. Conclusion

In summary, a temperature-induced phase transition in

RbMn[Fe(CN)6] T2, =225K, T1/2y =300K) is observed
with a large thermal hysteresis loop of 75K. The charge
transfer from M# to Fé'' that accompanies the Jahn—Teller
effect on the MH' Ng moiety explains this phase transition.
The magnetic coupling between the Mispin sites in the LT
phase is prevented by the diamagneti¢ Bites, but ferro-

magnetic ordering is achieved by the valence delocalization
mechanism. With this system, the photo-induced phase tran-
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